High-speed dynamic holography is studied numerically and experimentally in broad-area InGaAs/InP multiplequantum-well asymmetric Fabry-Perot microcavities with optically pumped gain gratings operating near the lasing threshold. Two numerical approximation methods are developed to predict Bragg diffraction effects in these active microcavities. The Cavity Raman-Nath method assumes multipass Raman-Nath diffraction, while the Cavity Bragg method assumes an effective medium. Both methods predict that Raman-Nath diffraction in a micrometer-thick cavity resonator can exhibit Bragg-like selectivity for angles near the Bragg angle. The angular and spectral selectivities are studied experimentally in optically pumped free-carrier gratings using a tunable 1.55 μm laser in a nondegenerate four-wave mixing configuration. The device operates at gigahertz speeds with a transient diffraction efficiency near 40%.
INTRODUCTION
Dynamic holography relies on rapidly reconfigurable holographic gratings with update rates governed by physical properties of the nonlinear media such as charge transport or screening. The strongest solid state optical nonlinearities occur for resonant excitation near the semiconductor band edge [1] . Coulomb correlations and excitonic effects yield large oscillator strengths that can be modulated by optical pumping [2] . For instance, quantum-confined excitons have strong Coulomb binding because of quantum confinement in quantum wells and hence have large oscillator strengths and optical nonlinearities [3] .
Dynamic holography in photorefractive quantum wells (PRQW) [4] operates at wavelengths near the quantum-confined exciton transition [5, 6] and displays high-speed dynamic gratings with update rates around a MHz [7] . However, the diffraction efficiency is limited because they are fundamentally based on absorption gratings. Incorporation of photorefractive quantum wells into cavity structures such as asymmetric Fabry-Perots (ASFP) can yield large contrast but only shows moderate increases in diffraction efficiency [8, 9] . The thin cavity length (order of several micrometers) of the photorefractive quantum wells has advantages for thin-film image processing as well as multiple functional diffraction orders through Raman-Nath diffraction [10] that can be used to perform phase conjugation, correlation, and convolution.
However, high absolute diffraction efficiencies are required for many applications, and the challenge is to find thin film structures that can approach unity diffraction efficiency.
Index gratings can generate a significantly higher diffraction efficiency than absorption gratings, and the efficiency in thick volume holograms can approach unity [11] . Going even further, negative absorption gratings, i.e., gain gratings, can generate diffraction efficiencies that exceed unity. Holographic lasers, four-wave mixing, and phase conjugation in laser crystals and holographic oscillators have been demonstrated in yttrium aluminum garnet (YAG), vanadate, and Ti:sapphire crystals that use gain gratings as holographic elements [12] [13] [14] [15] [16] [17] . These holographic lasers have applications in adaptive laser applications, but do not have the advantages of thin-film image processing, which would require a gain-grating device that is also a thin film.
Dynamic holography in active semiconductor microcavities was explored previously in a GaAs microcavity with pumped gain gratings and probed near the excitonic band transition in the GaAs active layer [18] . The device approached saturated gain gratings, and operated at nanosecond grating update times, but mode pulling limited the diffraction efficiency to only 10%. The mode pulling was caused by the thick GaAs active layer. The probe wave generates a standing wave inside the cavity that samples absorptive regions of the GaAs layer and not just the regions with net gain. Furthermore, the nonlinear modulation of the absorption occurs across the entire optical thickness of the device yielding large values of Δn · d that shift the resonant frequency (mode pulling) that limits the diffraction efficiency by shifting parts of the structure off resonance with the probe wave.
The mode pulling problem for active holography in semiconductor cavities was partially solved by using a multiple quantum well design in which single quantum wells are situated at the antinodes of the standing probe wave [19] . The shift in the resonance frequency is thus limited to N × Δn · d , where N 8 and d 100 nm. This figure of merit is an order of magnitude smaller than for the GaAs bulk cavity used previously [18] , it yielded small mode pulling, and hence it generated diffraction efficiencies approaching 70% (35% in each Raman-Nath first diffraction order). For many applications, it is desirable for all of the diffracted energy to appear in a single diffraction order, which can be achieved through Bragg diffraction and volume holograms that require the generation of Bragg gratings in a thin film.
Optical cavities operate through multiple passes of the wave through the central media, which may be nonlinear. The average number of passes for a photon is given by the cavity Qfactor (or finesse). In the previous studies of active gratings in microcavities [18] , the grating spacing was much larger than the film thickness, and the diffraction was firmly in the Raman-Nath regime. However, to approach Bragg selectivity with more energy in a single Bragg order smaller fringe spacings are required. The goal is to generate an effective cavity length (determined by the average number of photon passes) that can transition into the Bragg regime. This requires a balance that favors higher-Q cavities to generate multiple passes, but still sufficiently low finesse to allow angular tunability [20] [21] [22] [23] .
In this paper, we describe the design, fabrication, and experimental characterization of active quantum-well microcavities, designed as asymmetric Fabry-Perots. InGaAs/InP quantum wells were inserted in the cavity to make the cavity operate as a volume hologram. Both high diffraction efficiencies and Bragg selectivity are obtained when the Bragg condition coincides with the cavity resonance. High speeds up to a gigahertz and broad-angle selectivity are available in this broad-area device, enabling potential signal processing and beam steering applications.
ACTIVE HOLOGRAPHIC DEVICE STRUCTURES
The InGaAs/InP quantum well ASFP is shown in Fig. 1 . The device is designed to be pumped at 1.06 μm through the amorphous mirror and probed at 1.55 μm through the substrate. The distributed Bragg reflector (DBR) is the low-reflectance cavity mirror on the InP substrate, and the amorphous multilayer dielectric mirror is the high-reflectance mirror of the asymmetric Fabry-Perot. The semiconductor material layers are all lattice-matched to InP. The cavity consists of 8 periodic layers of 8.5 nm/235.3 nm In 0.53 Ga 0.47 As∕InP quantum wells, which places the excitation wavelength of the quantum-confined excitons around the important telecommunication wavelength of 1.55 μm. InP spacers adjacent to the mirrors are used to position the In 0.53 Ga 0.47 As quantum wells at the cavity probe wave antinodes. The distributed Bragg reflector is formed by 21 layers of 111.7 nm In 0.72 Ga 0.28 As 0.6 P 0.4 and 20 layers of 122.2 nm InP that make the bottom mirror reflectivity approximately 90% at 1.55 μm. The amorphous mirror consists of 4 layers of Si∕SiO 2 , which has reflectivity as high as 99% at 1.55 μm. The resonance wavelength of the cavity coincides with the multi-quantum well excitonic wavelength.
The device was grown by the CPFC (Canadian Photonics Fabrication Center) using metal-organic chemical vapor deposition (MOCVD). After epitaxial growth, the amorphous multilayer top mirror was deposited by plasma enhanced chemical vapor deposition (PECVD). Finally, a single layer of 264 nm SiO 2 was deposited by PECVD on the back side of the substrate to serve as a partial antireflection coating.
BRAGG GRATINGS IN THIN MICROCAVITIES
There are typically two limiting cases in light diffraction from periodic structures. These are the Raman Nath regime and the Bragg regime [23] [24] [25] [26] [27] . In the Raman Nath regime, the diffraction of light by a thin grating is characterized by many diffraction orders with intensities given by the square of Bessel functions. In the Bragg regime, the diffraction of light by a thick grating is distinguished by a significant diffraction order when the light is incident at the specific Bragg angle. In a volume hologram, the diffraction of light by gratings can be pictured as an interaction process with three distinct k-vectors: the incident vector, the grating vector, and the diffracted vector. The conservation of momentum requires that the momentum vectors associated with these three modes form a triangle. In an isotropic medium, the refractive index associated with a light beam is independent of the direction of propagation, and the diffracted wavenumber is the same as the incident wavenumber because of energy conservation. Therefore, the triangle is an isosceles that defines the Bragg diffraction condition. The criterion for Bragg diffraction can be characterized by the Klein-Cook parameter Q, introduced by Klein, Cook, and Mayer in 1965 [28] . The Klein-Cook parameter is
where λ is the free space wavelength, L is the thickness of the cavity, n 0 is the refractive index of the medium, and Λ is the fringe spacing. The condition Q ≪ 1 applies to the RamanNath regime and Q ≫ 1 applies to the Bragg regime. The lower limit for pure Bragg reflection has been investigated previously [29, 30] . The effective length of the cavity can be increased using an ASFP with high-reflection mirrors. Photons are confined to reflect back and forth inside the cavity. The effective length is the sum of all the round trips in the cavity. Therefore, the effective length of the cavity can be written as the infinite series
The effective length of the cavity is proportional to the finesse of the cavity when R 1 , R 2 is close to unity. When two mirrors have reflectance coefficients R 1 0.8 and R 2 1, the effective length of the cavity L eff 10d . The fringe spacing in our dynamic holography experiments usually varies from 3 to 13 μm, giving the Klein-Cook parameter Q 2πλL eff ∕n 0 Λ 2 ∼ 1, which places the device in the transition regime between the opposite Raman-Nath and Bragg regimes. Therefore, a quantitative understanding of the diffraction behavior and finite thickness effects must be gained through numerical investigation.
NUMERICAL SIMULATION OF THE ACTIVE ASFP MICROCAVITY
A sinusoidal free-carrier grating caused by high-intensity optical pumping is simulated in the InGaAs/InP quantum wells. The optical absorption/gain coefficient of InGaAs is calculated by the quasi-equilibrium approximation [31, 32] as a function of free-carrier density. The carrier-density-induced absorption coefficient change can be distinguished by three effects: band filling [33, 34] , band gap shrinkage [35] , and free-carrier absorption. The refractive index and absorption coefficient, which are the real and imaginary parts of the complex refractive index, respectively, are related by the Kramers-Kronig relation [36] [37] [38] . A Hilbert transform is used to calculate the refractive index change as a function of free-carrier density from the absorption coefficient. The real and imaginary parts are connected by the Hilbert transform as Δn −λ · HTΔα∕4π;
where HT stands for the Hilbert transform, Δn is the material refractive index change, λ is the wavelength, and Δαλ is the wavelength-dependent absorption coefficient change. The simulated absorption coefficient and refractive index changes as a function of the free-carrier density are shown in Fig. 2 for carrier densities between 1 × 10 15 cm −3 and 2 × 10 18 cm −3 . When a sinusoidal refractive index grating is generated in the cavity between the two cavity mirrors, there is a compromise between Raman-Nath and Bragg diffraction. Two complementary methods are introduced to calculate the diffraction efficiencies of the ASFP quantum well microcavity. These are called the Cavity Raman-Nath and the Cavity Bragg methods.
A. Cavity Raman-Nath Numerical Method
The quantum wells are thin layers that are discretely located at the probe wave antinodes in the microcavity. The diffraction of the forward and backward beams from a single quantum well, illustrated in Fig. 3(a) , are determined by the Raman-Nath relation. Each quantum well layer reproduces each diffraction order around their respective propagation directions. Total diffracted power is determined by the sum of the discrete diffraction from the quantum wells. Diffraction orders higher than the second are neglected because these orders are too weak to be observed in the Bragg regime. The 1 diffraction order that is symmetrical to the read beam when the probe beam is set at the Bragg angle is known as the Bragg order. Diffraction orders −1 and 2 are the successive orders of the Bragg condition. Therefore, only the four diffraction orders of −1, 0, 1, 2 are taken into account in the calculation.
The wave propagation of orders −1, 0, 1, 2 in the microcavity is calculated by the matrix transfer method. The transfer matrices include the matrices from three parts: reflection and transmission of the two mirrors, refraction in the multilayers in the cavity, and diffraction by the quantum well layers.
The propagation angles of each order are determined by the Raman-Nath relation ksin θ p − sin θ p pK , where k 2πn∕λ, K 2π∕Λ, Λ is the spatial period of the grating, and p is the diffraction order. The corresponding forward and backward wave vectors k F;p and k B;p are shown in Fig. 3(b) . Forward and backward wave vectors of the four diffraction orders form an eight-dimensional vector
F i and B i are the amplitudes of all the considered orders of the forward and backward waves, respectively. The incoming wave amplitudes
Á and outgoing wave amplitudes
Á represent the incoming wave before mirror R 1 and outgoing wave after mirror R 2 , respectively. These two vectors are related by the matrix product
where M 1 and M 2 describe the reflection and transmission of the front and back mirrors, respectively. P i is the refraction matrix of the two different media and it includes the reflection and transmission between two different refractive layers as well as the phase accumulated in a single layer. The matrix D i is the diffraction matrix of the grating inside the cavity. The reflection and transmission matrices are
where I 4 is the four-dimensional unit matrix, and r i and t i are the reflection and transmission coefficients of the front and back mirrors, respectively. The refraction matrices between different media are expressed as
where r 
where t g is the transmission coefficient and d g is the diffraction coefficient in the grating. The diffraction coefficient of a sine wave grating is
where J 1 is the Bessel function of the first kind, L is the thickness of the grating, Δn is the refractive index modulation of the grating, λ is the wavelength of the beam, and θ is the incident angle external to the grating. By combining Eqs. (4)- (8) an eight component matrix equation is obtained,
By considering boundary conditions, 
the reflected diffraction orders can be obtained using
B. Cavity Bragg Numerical Method
In the Cavity Bragg method, the cavity is assumed to be a single medium with modulated refractive indexñ n n 1 cosK x, for which the quantum wells are averaged out into an effective medium. The diffraction from the device can be considered as multiple single-pass Bragg diffraction between two mirrors. Similar to the Cavity Raman-Nath method that neglects higher diffraction orders, the Cavity Bragg method keeps only significant orders from coupled wave theory. Single-pass Bragg diffraction from a slab, as shown in Fig. 3(c) , can be derived from coupled wave theory. Four significant orders −1, 0, 1, and 2 are considered. The multiple partial waves propagating in the grating medium satisfy the equation
where β 2πn∕λ is the mean wave vector in the medium, κ πΔn∕λ is the modulation factor, and K 2π∕Λ is the wave vector of the grating. The total electrical field has four components,
where each wave vector is
which represents the conservation of momentum.
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The general solution of the coupled wave function is
Combining Eqs. (14)- (17) 
which consists of four 4 × 4 matrices. In terms of A 4 , it can be written as
The electric field of each order can be solved when it is combined with the boundary condition 
Diffraction efficiencies of order −1, 0, 1, and 2 in a single pass are calculated by
In the ASFP microcavity, the Cavity Bragg method considers the total diffraction to be the sum of multiple single-pass diffraction processes that reflect back and forth in the cavity. The incoming and outgoing wave can be related by three eight-dimensional matrices
where M 1 and M 2 are defined in Eq. (6) and where η j i is defined as the jth-order diffraction efficiency diffracted from the ith wave from Eq. (19) . Combined with the boundary condition in Eq. (12), backward diffraction components B in can be calculated using Eq. (23) .
The Cavity Raman-Nath method, which calculates diffraction from discrete gratings, is applicable to a thin cavity with multilayers, where it is straightforward to have a clear view of energy interchange inside the cavity. However, highorder diffraction is neglected in the Raman-Nath diffraction from the thin gratings. On the other hand, the Cavity Bragg method uses the coupled wave theory and averages out the gratings. It is applicable to both thick and thin cavities. Both methods have their advantages and are complementary to each other.
C. Numerical Results
The refractive index modulation amplitude used for the Cavity Bragg method is 20 times smaller than the index modulation of a single quantum well used in the Cavity Raman-Nath method because of the different effective modulation thicknesses in the two models. Compared to the Cavity Raman-Nath method, in which the free-carrier-induced quantum well refractive index modulation is Δn 0.025, the Cavity Bragg method has an average modulation Δn giving the grating spacing Λ λ pump ∕2 sinθ pump 13 μm and the Bragg angle at θ Bragg sin −1 λ probe ∕2Λ 3.5°. From both calculations, the 1 order (Bragg order) has about 17% diffraction efficiency, the −1 order has about 12% diffraction efficiency, and the 2 order has less than 1% efficiency. The Bragg selectivity is not strongly significant due to the relative thinness of the cavity of the device. The Bragg-order wavelength for peak efficiency is at 1542 nm, and there is a 1-2 nm wavelength shift between the 1 and −1 order. This is the result of the combination of cavity resonance and energy interchange in diffraction. Figures 4(b) and 4(d) show the 1 order diffraction spectra at different probe angles by the Cavity Raman-Nath and Cavity Bragg methods, respectively. A 13 μm space grating is simulated in the device. The Bragg-order diffraction efficiencies decrease as the probe angle moves away from the Bragg angle because the conservation of momentum (phase matching) is removed. The peak diffraction efficiency wavelength shifts because the effective cavity length changes at the different incident angles. The diffraction spectrum at 20°appears with a dip because of the absorption of the quantum wells in the lower-wavelength range. The calculations show that the Raman-Nath diffraction in the thin ASFP cavity, in which the cavity resonance wavelength coincides with the Bragg wavelength, can be matched to the volume Bragg diffraction.
EXPERIMENTAL FOUR-WAVE MIXING
Nondegenerate four-wave mixing experiments were performed using a Mach-Zehnder interferometer to optically pump the grating. Two writing beams, each with an energy of 20 μJ∕cm 2 ∕pulse at 1064 nm, were generated from a single beam to write diffraction gratings with spacings of several micrometers in the cavity. This generated a free-carrier density of about 2 × 10 18 electrons∕cm 3 ∕pulse at each antinode, and the maximum differential reflectance approached 80% near the resonance of the cavity. The tunable 1.55 μm laser was used as the probe beam to measure the diffraction orders. The zeroorder and first-order diffracted beams were detected by an InGaAs detector with 150 MHz bandwidth after passing through two 1400 nm-long passband filters. The averaged signals were stored in a TDS7254 2.5 GHz digital oscilloscope. Figure 3(d) shows the configuration of the setup.
Compared to the Michelson interferometer setup [19] , the Mach-Zehnder interferometer arrangement can have smaller fringe spacings. The fringe spacing is variable and determined by the equation
where λ pump is the wavelength of the pump beam and θ pump is the half angle between the two coherent pump beams. The angle of the two pump beams can be adjusted by controlling the distance between the device and the mirrors. As the angle θ pump increases, the fringe spacing can be reduced to 3 μm, which is 10 times smaller than the fringe spacing in the Michelson interferometer arrangement [19] . Bragg diffraction orders at and off the Bragg angle were measured using the Mach-Zehnder interferometer setup. Figure 5 shows the diffraction spectra measured for 13 μm spacing gratings at incident angles of 3.5°(Bragg angle), 10°, 20°a nd 30°. A diffraction efficiency into a single Bragg order of 40% at 1,543 nm was obtained by combining absorption bleaching with the asymmetric Fabry-Perot reflectivity. The bandwidth of the Bragg order was 2.5 nm. At the 13 μm fringe spacing, the Klein-Cook parameter Q 2πλL eff ∕n 0 Λ 2 ∼ 1, which places the device firmly between the Raman-Nath and Bragg regimes. The Bragg selectivity is exhibited by the Bragg orders that have higher diffraction efficiencies than the −1 orders. At higher probe angles, the diffraction orders are suppressed by the Bragg condition and the efficiency drops dramatically as the angle changes from 3.5°to 30°. In the offBragg-angle diffraction spectra, the 1 order still has a peak efficiency of twice the −1 order. These diffraction spectra are measured by P-wave and S-wave probe beams. The measurements in Fig. 5 show that the P-wave and the S-wave have identical spectra at different probe angles, indicating that polarization does not play a role in the diffraction orders because the energy interchange between different orders does not depend on the polarization. These measurements match the calculated results in Fig. 4 . Figure 6 (a) shows that there is strong angle dependence for the diffraction as the incident probe angle increases for the same grating spacing. High diffraction efficiencies are obtained at the Bragg-matched condition and are quenched as the incident angle shifts away from the Bragg angle, which agrees with the calculations in Fig. 4 . As the incident angle shifts off the Bragg angle, energy interchange between different orders Fig. 5 . Experimental P-polarized and S-polarized wave diffraction spectra for a grating spacing of 13 μm. The Bragg angle is 3.5°, at which it reaches an efficiency as high as 40%. Incident angles are 3.5°, 10°, 20°, and 30°. Research Article is inhibited due to the suppression of phase matching. The diffraction efficiencies decrease as the angle is tuned up to 30°. The Bragg-order diffraction efficiency as a function of fringe spacing is also explored, as shown in Fig. 6(b) . The Bragg-order diffraction efficiency decreases as the fringe spacing decreases because the free-carrier density contrast of the grating is inversely related to the fringe spacing. The free-carrier-induced grating becomes blurred as the fringe spacing becomes smaller because of free-carrier diffusion from the bright regions to the dark regions. The diffusion of the electrons is estimated by the diffusion length L ffiffiffiffiffiffiffi ffi
, where L is the diffusion length, D a is the ambipolar diffusion coefficient, and τ is the carrier lifetime. At room temperature, D a 2D e D h ∕D e D h ∼15 cm 2 ∕s, where D e 288 cm 2 ∕s and D h 7.7 cm 2 ∕s are the diffusion coefficients of electrons and holes, and τ ∼ 3 ns leading to the diffusion length L ≈ 2 μm, which matches the onset in Fig. 6(b) .
The energy of the pump pulse is an important factor used to obtain the high diffraction efficiency. As the pump pulse energy increases, the high carrier density is excited into the conduction band in the quantum wells, and a population inversion may occur to make the device operate above the lasing threshold. Figure 7 shows the pulse power dependence of the diffraction spectrum at a fringe spacing of (a) 6 μm and (b) 3 μm, respectively. In the 6 μm fringe spacing experiments, the Bragg-order diffraction efficiency increases as a function of the pulse power. The diffraction efficiency from the Bragg order is given by
where ξ πΔñd λ cos θ Bragg for a phase hologram and the refractive index change is related to the pump power by the Kerr effect,
where K is Kerr coefficient. Therefore, the diffraction efficiency is a sinusoidal function of the pump power intensity. Compared to the 6 μm fringe-spacing experiment, the diffraction efficiency saturates for the 3 μm fringe spacing experiment because ambipolar diffusion causes the contrast of the freecarrier grating to decrease, resulting in the observed saturation in diffraction efficiency.
DISCUSSION AND CONCLUSIONS
Active microcavities for dynamic holography applications require a fine balance between finesse and bandwidth. If the finesse (or the cavity Q-factor) is high, then the system can achieve a net gain, but the angular bandwidth would be too restricted for any practical holographic purposes. On the other hand, if the cavity bandwidth is high enough to accept a spatial bandwidth of k-vectors (i.e., an image), then the finesse may be too low to be able to achieve much gain. In the first semiconductor microcavities to be used for dynamic holography, mode pulling added yet another limitation on the cavity finesse [18] . These earlier structures did not use isolated quantum wells, but used a monolithic layer of GaAs as the gain medium, which contributed to the mode pulling. Therefore, to achieve dynamic holographic capability in an active cavity, quantum wells were placed discretely within the cavity, their locations tuned to the antinodes of the standing wave at the probe wavelength. This design approach removed the majority of the mode pulling under high optical pumping. The lack of mode pulling enabled higher cavity finesse, which likewise enabled larger gain and improved diffraction efficiencies [19] . The higher cavity finesse of the latest structures raised the issue of thin versus thick holographic gratings. The photon residence time in the cavity, or similarly the number of photon passes, effectively converts the thin film into a thicker effective interaction length. Operation of this structure at larger angles moves the structures out of the Raman-Nath regime and into the Bragg regime. For reasonable read-out angles of many degrees, the Klein-Cook parameter is of order unity, which means that these structures are not in one regime or the other, but actually fall neatly between the two regimes. We therefore pursued two approaches to numerical simulations: an effective medium approach that averaged the quantum well-induced optical changes over the full cavity width and then applied coupled-mode theory, and a multipass Raman-Nath approach that retained each distinct quantum well, each of which diffracted the probe wave, and all the partial waves were folded back by the cavity mirrors. These two approaches are quite different in their starting assumptions, and take very different computational paths, but lead to very similar numerical predictions. At moderate read-out angles, the gratings display moderate Bragg selectivity, which was observed and confirmed experimentally. The optical efficiencies at these angles were largely insensitive to the polarization of the readout wave.
In conclusion, we have designed an InGaAs/InP multiple quantum well asymmetric Fabry-Perot structure that operates around 1.55 μm. The device is operated near the Klein-Cook parameter Q 1 that puts it in the gap between the RamanNath and the Bragg regimes. Cavity Raman-Nath and Cavity Bragg methods are introduced to calculate the spectra of the Bragg diffraction in a thin asymmetric Fabry-Perot cavity. The trade-off between these two methods enables the calculation of the diffraction spectrum either from Raman-Nath diffraction from discrete quantum wells or Bragg diffraction from averaged gratings. These models were validated by predicting diffraction in devices that approach the Bragg-regime. Moderate Bragg selectivity is exhibited in the diffraction spectra Fig. 7 . Bragg diffraction as a function of pulse power. The Braggorder diffraction efficiency depends linearly on the pulse power at a fringe spacing of 6 μm. The Bragg-order diffraction efficiency saturates above 35 μJ∕cm 2 ∕pulse for a fringe spacing of 3 μm. The fringe contrast is lower as free-carrier diffusion becomes significant.
as the 1 order is enhanced and the −1 order is suppressed. The fringe spacing and pump power energy limitations were also investigated.
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